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Abstract In early Roman times, iron was likely supplied to
the city of Sagalassos through the smelting of close-by
hematite ores. In the early Byzantine period, magnetite–
titanite placer sands in some instances could have been
exploited for its iron. For the intermediate late Roman
period, however, the source of the locally used iron was
unknown. Pb and Sr isotopic analyses of iron ores from the
area of Camoluk, just south of the territory of Sagalassos,
and of late Roman iron artefacts from the antique city itself,
reveal a very close resemblance. This makes the use of the
Camoluk ores to supply Sagalassos with raw iron in the late
Roman period likely. It is also shown that combined Pb and
Sr isotopic analyses provides a powerful tool to distinguish
chronological groups of iron provenance and a technique
that can determine the nature and source of iron raw
materials used.
Keywords Roman period . Sr and Pb isotopic studies . Iron
provenance . Turkey
Introduction
In the study of ancient iron production and processing, it is
difficult to determine the origin of the raw materials used
(Heimann et al. 2001). In the direct reduction method for
preparing raw iron from its ores, the ore is reduced to a
bloom or ‘spongy’ iron at 1,150–1,200°C (Wertime 1980)
from which the slag drains away as a melt (White 1986).
During such process, gangue minerals, furnace fragments
and fuel ashes are enriched in the slag, while the iron
remains as a metal in the furnace. Due to extensive effects
of chemical fractionation that occur during such process, it
is difficult to correlate slag material, bloom, iron objects
and potential ores solely on the basis of their main and trace
element chemistry or mineralogy when ore, slag and bloom
of one furnace charge are not found in the same
archaeological context (e.g. Buchwald and Wivel 1998;
Heimann et al. 2001). However, recent studies have used
the chemical–mineralogical analysis of slag inclusions in
iron objects as a means of studying ore provenance next to
the technological context of production such as furnace
types, construction materials, fuel, etc. (e.g. Ferrer Eres et
al. 2008). The intention of the use of the radiogenic isotope
technique presented here is to falsify a direct relation
between a raw material and a finished product, as
radiogenic isotope analyses offer a solution to the problem
of chemical fractionation (Gale et al. 1990; Schwab et al.
2003; Degryse et al. 2007).
The occurrence of iron smelting and smithing slag in all
excavation layers dating from the first to the seventh century
AD at Sagalassos (Fig. 1, SW Turkey) proves the processing
of iron there (Kellens et al. 2003). In an earlier study, lead
and strontium isotope analyses were performed by thermal
ionisation mass spectrometry on early Roman to early
Byzantine iron artefacts and iron ores from the territory of
the town. The use of Pb and Sr isotopes for provenance
determination of the ores used for local iron production was
thus evaluated (Degryse et al. 2007). It was demonstrated
that the ore source for early Roman artefacts from Sagalassos
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was hematite iron ore from an ore deposit in the Lycean
limestone nappes, just north of the ancient town, and that
magnetite placer sands were used for early Byzantine raw
iron production in the territory of the city at Dereköy
(Fig. 1). Sr isotopes proved much less ambiguous than Pb
isotopes in providing clearly coherent signatures for ore and
related iron objects (Degryse et al. 2007). While lead isotopic
signatures of artefacts and ores may be ambiguous due to the
often highly variable chemistry of the raw materials,
87Sr/86Sr ratios may represent a more straightforward tool
to exclude or corroborate specific point sources of ores used
for metal production. Early Byzantine iron artefacts from
Sagalassos display more scatter in both their Pb and Sr
isotope signatures, indicating that different ore sources were
used for their production. It was shown that late Roman iron
objects from Sagalassos had an isotopic signature clearly
different from artefacts from the early Roman and most of
the early Byzantine periods. Moreover, the signature of the
late Roman iron was clearly different from both that of the
hematite ore and the magnetite–titanite placer sands from
Dereköy, and these artefacts were hence produced from iron
ores, which remained unidentified. This ore source needs to
be situated outside the territory of Sagalassos, as the
aforementioned ore sources were the only ones identified in
extensive geochemical–geological prospecting (Degryse et
al. 2003a, b).
However, just outside the territory of Sagalassos, a new
Fe–Mn mineralization was described at Camoluk (Fig. 1),
which is being used in modern steel production (Teker and
Kusçu 2006). As the deposit is situated close to the
southern border of the territory of Roman Sagalassos, along
good communication and transport ways, these deposits are
evaluated as a possible source for the late Roman and early
Byzantine iron at Sagalassos. Iron artefacts of that time
were analysed again for their Pb and Sr isotopic signatures
(duplicating analyses from Degryse et al. 2007) and were
compared to Pb–Sr isotopic analysis of suitable iron ores
from Camoluk.
Materials
In the area of Camoluk, around Akpınarkale Tepe, Kulube
Tepe and Elmaçukuru, iron–manganese deposits are found
in the Dutdere Middle Triassic to Lias (Jurassic) limestones
(Teker and Kusçu 2006). Ore lenses and veins have
thicknesses ranging from 0.5 to 2 m and cut through the
limestone. Main ore minerals are hematite, goethite,
pyrolusite, psilomelane and hausmanite with barite, quartz,
calcite and dolomite as gangue minerals. Two samples were
taken for isotopic analysis. Sample AC7 from Akpinarkale
is mainly hematite with minor pyrolusite and barite and
sample EC5 from Elmaçukuru is mainly barite with
hematite (Table 1 after Teker and Kusçu 2006). Two late
Roman iron artefacts from Sagalassos were re-analysed for
their Pb–Sr isotopic composition. Sample SA00LL5 is an
iron nail, sample SA03NK145 an arrow head (Degryse et
al. 2007).
Fig. 1 Map of the territory of Sagalassos with the ancient town, the
placer sands at Dereköy and the iron ores of Camoluk indicated
Table 1 Chemical and mineralogical data of the Fe ores analysed for Pb–Sr isotopes (after Teker and Kusçu 2006)
Sample Location Mineralogy Fe2O3 MnO BaO SiO2 Al2O3 CaO MgO LOI Sum Tot C Tot S
AC-7 Akpinarkale Hematite–pyrolusite 71.88 10.71 1.40 3.22 0.54 1.17 0.20 9.30 98.42 0.18 0.01
EC-5 Elmaçukuru Barite–hematite 22.14 0.93 40.42 1.34 0.73 1.94 0.23 5.30 73.03 0.45 9.73
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Materials and methods
For isotope analysis, ore samples were weighed into Teflon
screw-top beakers and dissolved in a 3:1 mixture of 22 N
HF and 14 N HNO3 on a hot plate, dried and dissolved in
aqua regia. Iron artefacts (sample weights several hundred
milligrams) were completely dissolved in aqua regia. All
solutions were spiked with a highly enriched 84Sr tracer,
which allows for determination of Sr isotopic composition
and Sr elemental concentration from one mass spectrometry
run. Strontium and lead were chemically separated with 3 N
HNO3 using Eichrom Sr resin on 250-µl Teflon columns,
following the combined methods of Horwitz et al. (1991a,
b), Vajda et al. (1997) and Gale (1996). Sr was stripped
from the columns with 5 ml of H2O. Subsequently, Pb was
eluted from the same column with 5 ml of 6 N HCl. The Pb
cut was further processed through a 250-µl column
containing Eichrom Pre Filter Resin. After evaporation to
dryness, the entire procedure was repeated using 50-µl
columns to further purify both the Sr and Pb eluates. For
mass spectrometry, Sr was loaded with TaCl5–HF–H3PO4
solution (Birck 1986) onto W single filaments and Pb
loaded onto single Re filaments using silica gel-H3PO4
bedding. All Sr and Pb isotopic measurements were
performed on a six-collector Finnigan MAT 261 solid-
source mass spectrometer running in static multicollection
mode. Sr isotopic ratios were normalised to 88Sr/86Sr=
0.1194. Repeated static measurements of the NBS 987
standard over the duration of this study yielded an average
87Sr/86Sr ratio of 0.71025±4 (2σ mean). Sample Pb isotope
ratios were corrected for mass fractionation according to
Ludwig (1980), using a mean discrimination factor of
0.123±0.029% per amu (2σ), based upon replicate analyses
of the NBS SRM 981 Pb standard. The 2σ uncertainties for
the corrected 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb,
207Pb/206Pb and 208Pb/206Pb ratios are 0.06%, 0.09%,
0.12%, 0.03% and 0.06%, respectively. Individual a priori
uncertainties (2σ) are given for isotope ratios and Sr
elemental concentrations (Table 2). Iron artefact samples
containing less than 10 ppm Pb and Sr were corrected for
maximum total procedure blanks of 30 pg for both Pb and
Sr (Degryse et al. 2007). For the ore samples, blank values
were found to be negligible (<0.5 wt.% of the analysed
sample Pb and Sr amounts).
Results
Figure 2 shows 87Sr/86Sr vs. 206Pb/204Pb diagram for
samples of ores and iron artefacts published in Degryse et
al. (2007) and two samples of iron ore from Camoluk
analysed for this study. The isotope data for the Late
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in Table 2. The early Roman iron artefacts (crosses) and the
hematite ore sample from the same context define a cluster
at low 206Pb/204Pb and high 87Sr/86Sr ratios. Early
Byzantine iron objects from Sagalassos and early Byzantine
iron billets from Saglassos (filled black circles) and from
Dereköy (open circles) form a wider cluster but, for most
objects, do not correspond to the Camoluk ores, though
some objects lie closer to the Camoluk ore isotopic
composition than the other ore sources. One iron artefact
from Derekoy corresponds to the magnetite placer sands
from Dereköy. An excellent correspondence in 87Sr/86Sr
signature can be seen between the ores and both iron billets
from Dereköy, whereas lead isotopes are more ambiguous.
However, as both ore and iron were found in a single
production context, their relation in the smelting activities
on the territory is undoubted (Degryse et al. 2007). The late
Roman iron from Sagalassos (triangles) has a virtually
identical and relatively high 87Sr/86Sr ratio, distinct from
most of the early Byzantine artefacts and clearly distinct
from the early Roman material. Remarkably, its signature is
identical to the ores from Camoluk analysed for this study.
Discussion
A first observation that can be made from the replicate
analysis of the late Roman artefacts is the fact that the Sr
and Pb isotopic composition of the objects is homogeneous
(different samples of the same object were analysed) within
analytical error. The Sr isotopic composition of the artefacts
in replicate analysis gives identical results.
Secondly, it is clear that there is a good correspondence
between the Pb–Sr signature of the late Roman iron
artefacts from Sagalassos and the iron ore samples from
Camoluk. This makes these ore deposits a possible
candidate for the source of the raw materials used for the
iron supply to Sagalassos in the late Roman period, though
(many) more analyses are needed to define the exact
signature of the late Roman iron artefacts at Sagalassos
and the ore field at Camoluk. Although the area of
Camoluk was never part of the territory of Sagalassos, it
is situated only a few kilometres south of the border of the
territory at its maximal extension in Roman times and very
close to the Burdur plain, extensively used as an agricul-
tural area for the Roman city. Therefore, trade of iron from
Camoluk is not unlikely. In which form such trade would
have been set up is unclear, though it is more likely that
instead of ore, raw iron was transported. For the late Roman
period, unlike the early Roman or early Byzantine period,
no traces of iron smelting are known from the territory,
while traces of iron smithing in the form of smithing slag
can be found in all periods. It may well be that the city in
the late Roman period relied entirely on iron brought in
from outside its own territory. Furthermore, in the imme-
diate area of the ore sources at Camoluk, no traces of
ancient extraction or iron smelting were observed. How-
ever, the modern day exploitation is intensive, and the open
pit mining would have destroyed superficial traces of
ancient working, so that no antique traces are left.
Conclusion
Both iron objects and ores can be precisely analysed for
their Sr isotopic composition, which, combined with Pb
isotopes, are a powerful tool to distinguish between
Fig. 2 87Sr/86Sr vs. 206Pb/204Pb
diagram of the samples analysed
in this study and the iron and
ores analysed by Degryse et al.
(2007)
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chronological groups of iron provenance and can determine
the nature and source of raw materials used. Based on the
aforementioned isotopic analysis, iron ore deposits situated
at Camoluk, close to the territory of Sagalassos, are a
possible candidate for supplying raw iron to the territory of
the ancient city in late Roman times. The ores are unlikely
to have been used in the territory of Sagalassos in early
Roman or early Byzantine times.
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